M
y thesis research began with the desire to understand the function of the PAS domain, a motif represented in a diverse array of proteins. PAS domains are used as sensor modules in bacterial two-component regulatory systems, where they sense a wide range of stimuli and regulate an associated histidine kinase (1) . PAS domains are also found in a family of metazoan transcription factors, the basic helix-loop-helix (bHLH)-PAS proteins, where their role is less clear. My interest in the PAS domain led to the study of two very different PAS domain-containing proteins: PAS kinase and the transcription factor NPAS2, which regulates circadian rhythms.
Much of the circadian or daily oscillation of human physiology is driven by the output from a transcriptional negative-feedback loop. The transcription factor composed of NPAS2 (or its paralog CLOCK) and BMAL1, both bHLH-PAS proteins, induces the expression of its own repressor, the CRY protein (2, 3) . The resultant cycle of transcriptional activation and repression oscillates with a period of about 24 hours. While elegant, this simple loop is insufficient to explain the ability of the circadian oscillatory device to adapt to changes in environmental and metabolic conditions (4). We identified two potential mechanisms whereby the NPAS2:BMAL1 transcription factor might mediate circadian rhythm adaptation.
First, we showed that NPAS2 binds a heme moiety in each of its two PAS domains and that this heme can bind gases such as CO (5, 6) . This observation raises the possibility of regulation by either redox changes or fluctuations in the cellular concentration of a specific gas. Second, we found that DNA binding of the NPAS2:BMAL1 transcription factor is stimulated by the reduced nicotinamide adenine dinucleotide phosphate NADPH and is inhibited by the oxidized nicotinamide nucleotide NADP + (7) . Small fluctuations, therefore, in the cellular NADPH:NADP + ratio, which is coupled to cellular metabolic and energy status, might lead to substantial alterations in the ability of NPAS2:BMAL1 to bind DNA, thereby perturbing the timing of the transcriptional feedback cycle. Such effects might explain the ability of cellular metabolic activity and energy status to impinge upon the timing of the circadian rhythm (4) .
The second project of my thesis research began with the identification of a gene in the DNA sequence database that was predicted to encode a protein containing both a serine/threonine kinase domain and a PAS domain, reminiscent of the bacterial twocomponent systems. This gene, named PAS kinase, is conserved from yeast to humans, and we used Saccharomyces cerevisiae to study its function. Our genetic study began with a screen for genes that, when overexpressed, would complement the growth defect of a strain lacking both PAS kinase genes. Of the 15 genes identified as high-copy suppressors, most (10 genes) were involved in promoting protein synthesis, while 3 were involved in sugar metabolism. The implication of PAS kinase in the positive control of translation was strengthened by the observation that PAS kinase suppresses the growth defect conferred by the loss of the translation factor eIF4B (8) .
Understanding the biochemical basis for the genetic function of PAS kinase required identifying the proteins that it phosphorylates. Our biochemical approach to identifying PAS kinase substrates was simply to fractionate protein extracts into partially purified pools and analyze each fraction for proteins that became phosphorylated in the presence of active PAS kinase. This approach led to the identification of five PAS kinase substrates, which include three translation factors and two enzymes, Ugp1p and glycogen synthase, which catalyze the final two steps in the glycogen synthesis pathway (8) . The amino acid that is phosphorylated in glycogen synthase was identified previously as a site of phosphorylationmediated enzyme inhibition, but until now the responsible kinase was unknown (9) . As predicted, elimination of the PAS kinase genes and the concomitant failure to properly regulate Ugp1p and glycogen synthase caused hyperaccumulation of glycogen (8) .
Genetic analysis and biochemical identification of phosphorylation targets independently implicated PAS kinase in the control of protein synthesis and carbohydrate metabolism and storage. These two processes are tightly regulated by nutrient availability and metabolic status. Both effects of PAS kinase-stimulation of protein synthesis and inhibition of glycogen storage-are consistent with the functions of a regulatory system that is activated by nutrient availability. By analogy with the bacterial sensor kinases, we hypothesized that PAS kinase catalytic activity would be regulated by some cellular stimulus interacting with the PAS domain. This hypothesis is supported by our observation that the aminoterminal PAS domain of PAS kinase specifically interacts with and inactivates the kinase catalytic domain (10, 11) . Further, nuclear magnetic resonance-based studies of this domain show that it binds small organic compounds in a region analogous to the cofactor binding sites of two other kinase-regulating PAS domains, FixL and Phy3 (11) . While still unidentified, the endogenous molecule that binds the PAS domain and activates PAS kinase is likely to be some nutrient essential for growth. When this nutrient is available, kinase activity initiates the cellular program appropriate for rapid growth by blocking energy storage and stimulating protein synthesis.
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The author is at the University of Texas Southwestern Medical Center, Houston, TX 75390, USA. E-mail: jrutte@biochem.swmed.edu 65  64  63  62  61  60  59  58  57  56  55  54  53  52  51  50  49  48  47  46  45  44  43  42  41  40  39  38  37  36  35  34  33  32  31  30  29  28  27  26  25  24  23  22  21  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1 22 NOVEMBER 2002 VOL 298 SCIENCE www.sciencemag.org Nutrient sensing and response in the unicellular yeast are cell autonomous. More complex organisms, however, must coordinate the metabolism of individual cells with the energy status of the organism as a whole. Insulin is one such global coordinating factor. It accumulates when circulating nutrient levels are adequate, and stimulates various sites in the body to behave accordingly. Each recipient cell must then integrate the global insulin signal with signals from its own local nutrient-sensing systems. PAS kinase might constitute just such a cell-autonomous sensory system that controls, as does insulin, protein synthesis and glycogen storage.
The two systems I have studied as a graduate student have an interesting commonality. Both appear to be regulated by cellular metabolism, and more specifically, by a specific intracellular metabolite or nutrient. Regulatory small molecules are typically considered to be restricted to the respective families of dedicated signaling molecules, including lipid and nucleotide second messengers and hormones. I believe that as more signaling networks are studied in biochemical, mechanistic detail, regulatory function will be found in a much larger and more diverse set of cellular metabolites. 
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